1. Introduction {#sec1}
===============

Weeds have traits, which confer them great aggressiveness even in adverse environments. Weeds may rapidly capture resources and occupy space. This is often linked to their competitive ability because rapid growth requires the prompt and efficient conversion of resources into biomass. Thus, the yield crops are reduced and the agriculture costs increased, resulting in a decrease in farmer\'s income ([@bib31]; [@bib27]).

The high diversity of fungi establishes them in diverse areas of the human activity, from those for culinary use like for control of other organisms. For the biological control of weeds, the focus is on the use of phytopathogenic fungi, which are called bioherbicides ([@bib9]). The first record of the use of fungi for weed management in the form of a biocontrol occurred in 1971, with *Puccinia chondrillina*, introduced in Australia for the control of *Chondrilla juncea* ([@bib4]).

In 2009 only eleven bioherbicides were available in agriculture; this shows the need for the development of new products. However, when considering the investments of chemical industries in the development of bioherbicides these have a success rate below 1% against a success rate of 5% in the development of conventional herbicides ([@bib2]; [@bib19]).

The bioherbicidal activity of microorganisms was related to the compatibility between plant and microorganism. The different virulence factors are directly involved in this infection process. First, the microorganism infection and phytotoxic efficiency may be through enzymes that degrade the cell wall thereby facilitating the penetration of such compounds. Enzymes such as cellulases and lipases degrade the cell walls and lipid membranes, being the main means of entry into the plant ([@bib14]; [@bib10]).

Development studies and selection of promising microorganisms for weed control becomes important. The present work aimed to select and evaluate phytopathogenic microorganisms isolated from weeds regarding their potential to control these plants and their effect on summer crops.

2. Material and methods {#sec2}
=======================

2.1. Infected plants collection {#sec2.1}
-------------------------------

*Digitaria ciliares*, *Bidens pilosa* and *Euphorbia heterophylla* were infected with fungi, showing typical symptoms of fungal diseases. These plants were collected from soybean and corn crop areas in Southern Brazil, in the period of 2015 and 2016.

The collected samples were conditioned in individual bags and, kept under cooling in polystyrene boxes. Samples were transported to the Agroecology Laboratory of the Federal University of Fronteira Sul - campus Erechim, and isolations of endophytic phytopathogenic microorganisms were carried.

2.2. Isolation of phytopathogenic microorganisms {#sec2.2}
------------------------------------------------

For endophytic phytopathogenic fungi, isolation was used the scraping method on the plant\'s lesions, where small samples of infected material were placed in petri dishes containing Potato Dextrose Agar (PDA) culture medium, which was incubated at 28 °C for 7 days, as described by [@bib11]. After this period, successive replications were carried in PDA, until that pure culture was obtained for fermentative process.

2.3. Fermentative process {#sec2.3}
-------------------------

The fermented extract contain mycelium and culture medium was obtained by submerged fermentation, using shaker flasks containing 350 mL of culture medium. For this, culture medium were prepared by addition of 10 g L^−1^ glucose (C~6~H~12~O~6~); 7.5 g L^−1^ yeast extract; 10 g L^−1^ peptone; 2 g L^−1^ of ammonium sulfate ((NH~4~)~2~SO~4~); 0.5 g L^−1^ of magnesium sulfate (MgSO~4~ .7H~2~O); 1 g ferrous sulfate L^−1^ (FeSO~4~ .7H~2~O) and 1 g L^−1^ manganese sulfate (MnSO~4~ .H~2~O) ([@bib11]).

Fermentation experiments were performed at 28 °C in a shaker (120 rpm) during 3 days. The total fermentative extracts was evaluated as potential bioherbicide in crops and weeds.

2.4. Evaluation of bioherbicide potential {#sec2.4}
-----------------------------------------

The fermented extracts obtained from the studied fungi were used for the bioherbicide activity assays. For this, Aureo^®^ Emulsifiable concentrate (EC) vegetable oil at the recommended dose of 0.1% v/v (100 mL in 100 liters of water) was added to the extracts, and in order to test the effect of a greater number of applications, the pure extract with the adjuvant was applied sequentially and applied 1, 2, 4 and 8 times. For the applications 2 to 8, a 5-minute interval was established between one application and another. The evaluations were carried out 1, 7, 15, 20 and 30 days after the application of the treatments, evaluating the percentage of injury on the plants according to the aforementioned diagrammatic scale.

In order to evaluate the effect of fermented fungi on crop cultivation (corn and soybean), the extract was applied with the vegetable oil at the same concentrations, and the same weed evaluations were performed. For comparison purposes, two controls were used, one only with the application of water and another only with the application of water and adjuvant. For the bioherbicide potential test, the design was completely randomized (DIC), with 3 replicates and 12 treatments.

This experiment aimed to identify the pure cultures with the capacity to inhibit the development of seedlings before a great diversity of isolates. The bioassay was conducted in a greenhouse, in which weeds hairy beggarticks, alexandergrass and mexican fire plant were used to evaluate the effectiveness of the extracts. Seeding of weeds was carried out in plastic trays containing organic substrate (30%) and sieved earth (70%). The application of bioherbicides occurred by sprinkling on the plants.

A completely randomized design (CRD) with 3 replicates was used. The treatments consisted of the application of the extracts obtained in the fermentation. The different extracts used in the plants were considered treatments applying the same direction on the aerial part of the plant until the drainage with a garden sprayer.

Visual analyzes were performed after 1, 7, 15, 20 and 30 days of application of the treatments (DAT), evaluating the percentage of injury from a diagrammatic scale proposed by Nunes & Alvez ([@bib21]).

2.5. Enzymatic activity of the extracts {#sec2.5}
---------------------------------------

To evaluate the enzymatic activity of the extracts obtained, follow enzymes were selected in this study: (1) cellulase, (2) peroxidase, (3) lipase and (4) amylase.

### 2.5.1. Cellulase activity {#sec2.5.1}

Following the proposal of [@bib15], with some modifications, 50 mg of Whatman \#1 filter paper (cellulose source) were weighed and added to test tubes containing 2 mL of 0.2 M acetate buffer pH 5.5. A volume of 1 ml of the enzyme solution was added to the tube in a thermostatic bath at 50 °C for 1 hour. The release of total reducing sugars was measured by the DNS method. A unit of enzymatic activity (U) was defined as the amount of cellulase capable of releasing 1 μmol of glucose per minute under the reaction conditions.

### 2.5.2. Peroxidase activity {#sec2.5.2}

The activity of the peroxidase enzyme was analyzed by its oxidative action on the guaiacol substrate in the presence of hydrogen peroxide in buffering medium. The reaction medium was composed of 1.5 mL of 5 mM phosphate buffer pH 5.0 and 2 mL of distilled water over 0.5 mL of the 1% guaiacol substrate and 1 mL of 8% hydrogen peroxide. The medium was kept in a thermostatic bath until the temperature reached 35 °C. After temperature stabilization, 1 mL of the enzyme extract was added, and the reaction medium was maintained in the thermostatic bath for 20 minutes. The transmittance of the oxidized compounds was obtained in UV-VIS spectrophotometer at 470 nm ([@bib18]).

### 2.5.3. Lipase activity {#sec2.5.3}

A 10% (w/v) olive oil emulsion and 5% (w/v) Arabic gum extract, diluted in 90% (v/v) sodium phosphate buffer 100 mM pH 6, were used to determine the lipase activity present in the fermentative extract. For the hydrolysis reaction process, 18 mL of emulsion and 2 mL of the extract were used, the solution of which was incubated for 32 minutes at 35 °C in a shaker with shaking of 165 rpm ([@bib30]). After this period, the reaction was stopped by adding 20 mL of acetone-ethanol solution (1:1, v/v). The fatty acids released during the reaction were titrated to pH 11 with 0.05 M sodium hydroxide solution. For purposes of comparison of the initial amount of free fatty acids with the amount after the reaction, a control sample (reaction blank) was used and the acetone-ethanol solution was added before the addition of the extract to the emulsion. For the calculation of the activity, [Eq. (1)](#fd1){ref-type="disp-formula"} was used.$$At = \frac{\left( {\text{V}a - Vb} \right) \ast MNaOH}{t \ast Vc} \ast 1000$$where *Va* is the mean of the volumes of NaOH spent in the titration of the samples; *Vb* is the volume of NaOH spent by the control; *MNaOH* is the molarity value of sodium hydroxide; *t* is the reaction time and *Vc* is the volume of enzyme extract used ([@bib30]). A unit of enzymatic activity (U) was defined as the amount of lipase capable of releasing 1 μmol of fatty acids per minute under the reaction conditions ([@bib7]).

### 2.5.4. Amylase activity {#sec2.5.4}

The method described by [@bib13] and [@bib22] was used, with some modifications. Starch was diluted in 100 mM acetate buffer pH 5.0 in the ratio of 1:100. After, 1 ml of the diluted starch was added to 1 ml of the extract, which was incubated at 38 °C for 10 minutes. The enzymatic activity was determined by the DNS method, the same methodology used for cellulase activity.

2.6. Molecular identification of fungi {#sec2.6}
--------------------------------------

The DNA of the isolates fungi was extracted according to the method described by [@bib12], from the mycelium grown in culture medium. The extracted genomic DNA sample was submitted to the polymerase chain reaction (PCR) for amplification of the rDNA internal transcribed spacer (ITS) region. The oligonucleotide primers for the ITS region were ITS1 (5′-TCCGTAGGTGAACCTGCGG-3 ′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) ([@bib32]). The PCR mixture consisted of 1 μl of DNA, 1 μl of each primer at 10 μM, 10 μl of 5X PCR buffer, 1 μl of 10 mM dNTPs, 0.2 μl of GoTaq DNA polymerase 5U/μL (Promega) and autoclaved 35.8 μL MilliQ H~2~O, to a final volume of 50 μL. The amplification program consisted of initial denaturation at 94 °C/2 min followed by 40 denaturation cycles at 94 °C/10 s, annealing at 54 °C/30 s, extension at 72 °C/45 s, and a final extension at 72 °C/4 min. The amplified products were verified by means of 0.8% agarose gel electrophoresis, stained with ethidium bromide. The amplified products were purified by precipitation with polyethyleneglycol, subjected to the chain termination sequencing reaction using the Big Dye 3.1 reagent (Applied Biosystems) and analyzed in a 3,500 XL automatic capillary sequencer (Applied Biosystems). Sequences similar to those obtained for the isolates of the present study were found in GenBank through the Blastn tool ([@bib26]).

3. Results and discussion {#sec3}
=========================

3.1. Microorganisms isolation and screening {#sec3.1}
-------------------------------------------

Thirty fungi were isolated and stored in the Agroecology Laboratory of the Federal University of Fronteira Sul - campus Erechim. These microorganisms were submitted to *screening*, to identify strains with bioherbicidal potential. From the tests, three microorganisms presented bioherbicide potential and, were selected when showed damage to at least one of the test plants.

The fungi were identified as *Fusarium oxysporum* -- GenBank sequence number MK860712 (99% query coverage and 99% identity), *Fusarium ploriferatum* - GenBank sequence number MK860713 (99% query coverage and 99% identity), and *Trichoderma koningiopsis* MK860714 (100% query coverage and 100% identity), respectively.

As demonstrated in [Fig. 1](#fig1){ref-type="fig"}, in the initial tests, the species that presented the greatest susceptibility to the selected fungi was the Mexican fire plant *(Euphorbia heterophylla*), with damage of up to 10% in the leaf with *T. koningiopsis* no effect was observed on *Bidens* sp. and *Urochloa plantaginea*. From the 7 days after the application, the Mexican fire plant that presented damages by the bioherbicides began the emission of new shoots, suggesting that the damage was only of contact and not of a systemic form.Fig. 1Mexican fire plant (*Euphorbia heterophylla*) control untreated (a) and, with damage after aplication bioherbicide from *T. koningiopsis* (b).Fig. 1

Damage suppression may be related to the hypersensitive response, which is one of the plant\'s main defense responses against pathogen attack, being a rapid and localized response in the pathogen infection region. This phenomenon is characterized by a rapid and localized collapse of the plant tissue around the infection, preventing the progression of disease and circulation of toxic compounds ([@bib1]). New methodologies are needed that aim at the biocontrol of weeds based on microorganisms associated with soil and plant ([@bib31]).

Species of *Fusarium* fungi have a well-established phytopathogenicity and awere used in several studies as a source of biological control of weeds ([@bib17]; [@bib6]; [@bib20]; [@bib5]; [@bib25]). These fungi cause various types of diseases in a wide range of plant species.

*T. koningiopsis* is well established as a biological control of insects and fungi ([@bib24]; [@bib33]), including in the control of fusariosis in pineapple ([@bib28]). However, there are no reports of this microorganism being used as a source for weed control. To date, only in the work of [@bib23] this fungus was identified as the causal agent of leaf spot in *Curcuma wenyujin*, suggesting that it may be phytopathogenic. Except for the work described by [@bib23], there are no more reports in the literature on the possibility of using *T. koningiopsis* as a weed control agent. Positive identification in this work indicates a new possibility of use for this fungus.

3.2. Enzymatic activity of the extracts {#sec3.2}
---------------------------------------

[Table 1](#tbl1){ref-type="table"} show the enzymatic activity results of the fungi, considering cellulase, amylase, peroxidase and lipase enzymes.Table 1Enzymatic activity of cellulase, amylase, peroxidase and lipase, present in the fermentative extract of the fungi *Fusarium oxysporum*, *F. ploriferatum* and *Trichoderma koningiopsis*.Table 1FungusEnzymatic activity (U/mL)CellulaseAmylasePeroxidaseLipase*Fusarium oxysporum*0.9506.433479.330*Fusarium ploriferatum*0.4160.647285.330*Trichoderma koningiopsis*11.4551.320261.339.84

*T. koningiopsis* showed enzymatic activity for cellulase and lipase, is also the most damaging fungus to the Mexican fire plant. This increased enzymatic activity may have facilitated the entry of the microorganism along with its compounds, thus enhancing phytotoxicity.

The mode of action of bioherbicides is similar to the mechanisms of plant-pathogen interaction. In the case of plant-pathogen interaction, the microorganism must bypass the plant defense mechanisms and the relationship between the two individuals must be compatible so that the biocontrol agent can infect the target plant. Virulence factors are related directly or indirectly to the infection process ([@bib31]). Thus, virulence factors could be enzymes that degrade cell walls, facilitating the entry of the microorganism and the phytotoxic components and phytotoxins or secondary metabolites, that can interfere in the metabolism of the plant ([@bib14]; [@bib29]; [@bib16]; [@bib10]).

Among the enzymes studied, the most important are cellulase and lipase, the first one since its role is the degradation of cellulose, the main component of the vegetal cell wall, and the second to assist in the degradation of lipid membranes. Other enzymes such as proteases, peptidases, peroxidases, amylases, and phospholipases could help in the degradation of proteins and other structures ([@bib14]). Studies aiming at the addition of extracellular cellulase in bioherbicides showed that the addition of this enzyme generated the death of 58% of *Orobanche aegyptiaca* plants when compared to the extract without the addition of the enzyme, which resulted in approximately 38% mortality ([@bib3]).

3.3. Bioherbicidal potential {#sec3.3}
----------------------------

All three fungi presented the same symptoms for the dicotyledonous soybean and Mexican fire plant (necrotic areas on the leaf and shriveling). Hairy beggarticks and alexander grass did not present susceptibility to any of the microorganisms, concentrations and times evaluated, as did corn. The Mexican fire plant was the weed that showed greater sensitivity to the increase of the bioherbicide concentration for all the fungi ([Fig. 2](#fig2){ref-type="fig"}). Phytotoxicity was 60% at the highest adjuvant concentration for the fungus *T. koningiopsis*. For *F. oxysporum* and *F. ploriferatum*, phytotoxicity increased up to 25% for 8-times applications (Figs. [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}).Fig. 2Damage percentage of *T. koningiopsis* extract on Mexican fire plant with addition of Aureo^®^ adjuvant in 1, 2, 4 and 8 applications up to 30 days after application.Fig. 2Fig. 3Damage percentage of the *F. ploriferatum* extract on Mexican fire plant with addition of the Aureo^®^ adjuvant, in 1, 2, 4 and 8 applications up to 30 days after application.Fig. 3Fig. 4Damage percentage of *F. oxysporum* extract on Mexican fire plant with addition of Aureo^®^ adjuvant in 1, 2, 4 and 8 applications up to 30 days after application.Fig. 4

Some symptoms could be observed from 7 days for alexander grass and corn plants at concentrations of 4 and 8 times, but these symptoms are associated with larger droplets of extract that accumulated in some points of the leaf, presenting necrosis in the evaluated times. However, there was no increase in symptoms after 7 days of evaluation. The damages observed for these species did not exceed 1% even with the addition of adjuvant. The soybean showed sensitivity to the extracts only for 4 and 8 applications for the three fungi, reaching damages of up to 15% (Figs. [5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and [7](#fig7){ref-type="fig"}).Fig. 5Damage percentage of *T. koningiopsis* extract on soybean with addition of Aureo^®^ adjuvant in 1, 2, 4 and 8 applications up to 30 days after application.Fig. 5Fig. 6Damage percentage of *F. ploriferatum* extract on soybean with addition of Aureo^®^ adjuvant in 1, 2, 4 and 8 applications up to 30 days after application.Fig. 6Fig. 7Damage percentage caused by *F. oxysporum* extract on soybean with addition of Aureo^®^ adjuvant in 1, 2, 4 and 8 applications up to 30 days after application.Fig. 7

4. Conclusion {#sec4}
=============

Considering our studies, was possible to affirm that the tested fungi presented phytotoxicit, being that the *T. koningiopsis* presented interesting bioherbicidal potential. The phytotoxic activity of *T. koningiopsis* may be a relation with enzymatic activity, suggesting that these enzymes participate in the pathogens infection process.
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